The effects of three resuscitation fluids, hydroxyethyl starch (HES), Haemaccel, and fresh autologous blood, on reticuloendothelial system phagocytic and catabolic functions and resistance to infection after 40% hemorrhages in BALB/c mice were studied. The mice, anesthetized with isoflurane, were bled over a 10-min period, left hypovolemic for 30 min, and then resuscitated with their shed blood or the same volume of asanguineous fluid. Normothermia was maintained throughout the experiments. The uptake and catabolism of intravenously injected double-labelled sheep erythrocytes ( 51 Cr-125 I-SRBC) in liver and spleen were determined at 1 and 48 h after hemorrhage. No significant changes in the uptake or catabolism of SRBC in liver or spleen were found at 1 h after hemorrhage and resuscitation with any of the fluids. However, at 48 h a significant increase in liver uptake of SRBC was seen in animals resuscitated with either Haemaccel or HES compared to that in animals resuscitated with shed blood or in animals subjected to a sham operation. The increase in liver uptake was accompanied by a small decrease in spleen uptake in animals resuscitated with Haemaccel but not with HES. No great changes in catabolic activity were seen at 48 h, although activity levels tended to be higher in animals resuscitated with Haemaccel. Separate groups of animals were challenged by an intraperitoneal injection with live Escherichia coli at 1 or 48 h after hemorrhage and resuscitation. Sixty-four percent of the animals resuscitated with shed blood survived the challenge with E. coli at 1 h after hemorrhage, whereas only 10 and 0% survival was seen for animals resuscitated with Haemaccel and HES, respectively. At 48 h survival was 80% for shed-blood-resuscitated animals and 60 and 70% for Haemaccel-and HES-resuscitated animals, respectively.
Patients sustaining severe traumatic shock (including hypovolemic shock) have an increased susceptibility to infection and sepsis. The basic treatment of hypovolemic shock involves hemostasis and fluid resuscitation, and the use of blood and blood products has played a central role over the last 5 decades for the treatment of the hypovolemic patient. However, the dangers of transfusion-transmitted diseases have recently reduced the use of blood (49) . Indeed, the hematocrit values used as an indication for the administration of blood have been progressively reduced (11, 13) , and the use of artificial fluids, such as colloids, has increased.
There are concerns that colloids might have deleterious effects on the reticuloendothelial system (RES). For example hydroxyethyl starch (HES) accumulates and persists in macrophages (51) . Haemaccel has been reported to interact with fibronectin (10), a nonspecific opsonin which contributes to the phagocytosis of foreign antigens by macrophages (36) . Such interactions between resuscitation fluids and the RES may well be detrimental to the injured patient, particularly as the RES is thought to play an important role in resistance to infection and sepsis (36) .
In the present study the RES liver and spleen phagocytic and catabolic activities have been studied at 1 and 48 h after hemorrhage and resuscitation with either shed blood, HES, or Haemaccel. At the same times separate groups of animals were challenged with Escherichia coli, and their 96-h survival rates were recorded. These experiments tested the hypothesis that resuscitation with colloids modifies the macrophage function after hemorrhage and/or alters the susceptibility to infection.
MATERIALS AND METHODS
These studies were conducted in accordance with the Animals (Scientific Procedures) Act of 1986 which encompasses the National Institutes of Health guidelines for the care and use of experimental animals.
The asanguineous fluids used in these studies were HES (Laevosan; LaevosanGesellschaft MVH, Linz/Bonau, Austria), a 6% colloid solution in 0.9% saline with an weight average molecular mass of 250 kDa, and Haemaccel (Hoechst UK Ltd., Hounslow, United Kingdom), a 3.5% colloid solution with a calcium content of 6.26 mmol/liter and a potassium content of 5.1 mmol/liter. Haemaccel has a weight average molecular mass of 35 kDa. The solutions supplied were sterile and nonpyrogenic.
Preparation of 125 I-51 Cr-SRBC. Sheep erythrocytes (SRBC) (TCS Microbiology, Buckingham, United Kingdom) were labelled with 125 I by using the BoltonHunter reagent (Amersham; 5 mCi/ml in benzene containing 0.2% dimethylformadide) and with 51 Cr (Amersham) by using a modified method described by Dzhandzhugazyan and Jorgensen (16) . Briefly, 5 l of 125 I-Bolton Hunter reagent was transferred into a test tube and the solvent was evaporated under a stream of nitrogen. One milliliter of packed SRBC, washed previously in 0.1 M phosphate buffer (pH 9.0), was added to the test tube and the mixture was incubated for 15 min on ice with occasional shaking. The reaction was stopped by adding 0.2 ml of 0.2 M glycine in 0.1 M phosphate buffer. Then, 10 ml of phosphate buffer (diluted 1:1 with saline) was added, and the suspension was centrifuged for 10 min at 1,000 ϫ g. The supernatant was removed, and the cells were washed twice in saline. The suspension was stored overnight in a refrigerator at 4°C. The following day the supernatant was removed and the cells were resuspended in saline and labelled with 51 Cr according to the method described by Markus et al. (31) . Both 125 I and 51 Cr remained associated with the SRBC when the mixture was incubated for 4 h in human plasma at 37°C. A 25% suspension in saline was used for injection.
Hemorrhage model. Male BALB/c mice (23 to 27 g) were anesthetized with isoflurane (2.5%) in O 2 . A thermocouple was inserted 3 to 4 cm past the anus to measure core temperature, which was maintained at 36 to 38°C by external heating lamps. The left femoral artery was exposed through a small skin incision, dissected free of neighboring veins and nerves, and cannulated with PE10 tubing (Clay Adams, Becton Dickinson, Parsippany, N.J.). After surgery the concentration of isoflurane was reduced to 1.5 to 1.75%. Two units of heparin in 0.1 ml of saline was injected via the cannula. The animals were bled through the cannula at a rate of 0.1 ml min Ϫ1 until 40% of the animals' blood volume (measured in a preliminary study as 9.3 Ϯ 0.2 ml/100 g of body weight) had been removed (total bleeding time approximately 10 min). After a 30-min "shock" period the shed blood or an equal volume of HES or Haemaccel was infused at a rate of approximately 0.67 ml min to recover and were housed individually. They were kept on a cycle of 12 h of light and 12 h of darkness at a constant temperature (21°C) with free access to food and water.
An additional group of animals underwent surgery but were not bled or resuscitated (sham-operation group).
Measurement of phagocytic and catabolic RES function. Phagocytic uptake and catabolic activity can be determined with doubly labelled SRBC prepared as described above. The radioactivity associated with 51 Cr remains largely within the reticuloendothelial cells once it has been phagocytosed, whereas that associated with 125 I decreases much more rapidly, indicating catabolism of the injected particles rather than deiodination (6, 9, 25, 46) . At 1 h after the end of the hemorrhage (approximately 15 min after the end of resuscitation) animals were injected with 100 l of 125 I- 51 Cr-SRBC via the femoral cannula, which was then flushed with a small volume of saline. Preliminary experiments based on the studies of Schildt (43) showed that this dose exceeded the "critical dose" below which liver blood flow is the limiting factor in the clearance of SRBC. After cannula removal and closure of the incision, the animals were returned to their cages. At either 1 (T 1 ) or 6 h (T 2 ) after 125 I- 51 Cr-SRBC injection, the animals were killed via cervical dislocation; a cardiac blood sample was collected by direct puncture after opening the thorax; and the liver, spleen, and lungs were removed, washed in saline, and weighed. The blood was centrifuged, and the radioactivity of the RBC and plasma, as well as that of the organs was measured by gamma scintillation with windows of 25 to 37 and 240 to 400 keV for 125 I and 51 Cr, respectively. Those animals for which RES function was determined 48 h after hemorrhage were reanesthetized with isoflurane, and the femoral artery was recannulated to inject the 125 I-51 Cr-SRBC. Preparation of bacterial suspension. The inoculum for injection into mice was prepared by growing E. coli O18:K1 overnight in Luria broth at 37°C. Log-phase growth of the bacteria was initiated by adding 20 ml of Luria broth to 1 ml of culture, which was grown at 37°C in a shaking incubator for 2 h. The bacterial concentration was determined at 600 nm with a spectrophotometer. Preliminary experiments determined the linear relationship between optical density and bacterial concentration. The cell suspension was centrifuged for 15 min at 10,000 ϫ g, and the supernatant was removed. The cell pellet was kept on ice and just before injection was resuspended in saline and further diluted to the required concentration. A sample aliquot of the actual challenge dose was serial diluted and cultured on Luria broth agar and incubated overnight at 37°C, and CFU were counted. In a preliminary series of experiments the 50% lethal dose (LD 50 ) for hemorrhaged animals resuscitated with shed blood was calculated as 6.8 ϫ 10
5 CFU (Fig. 1 ), and this was the "target" dose (range, 6.3 ϫ 10 5 to 7.4 ϫ 10 5 CFU) used in the present study. The LD 50 was calculated by an adaptation of the method of Reed and Muench (33) whereby individual animals rather than small groups of animals were used at each dose (Table 1) .
Resistance to infection. Animals received an intraperitoneal injection of 0.2 ml of the bacterial suspension immediately after the hemorrhage-and-resuscitation procedure or 48 h thereafter. Survival was monitored over the next 96 h.
Statistical methods. Values are given as means Ϯ standard errors of the means (SEM). Data were analyzed by factorial analysis of variance and the Fisher exact test. Those comparisons leading to P values that were Ͻ0.05 were interpreted as being significant.
RESULTS
The initial body weights of all the groups were the same, and there were no deaths which could be attributed to the hemorrhage-and-resuscitation procedure.
Levels of 51 Cr and 125 I in the organs of the RES were expressed as percentages of the total amount of 51 Cr-125 I-SRBC injected per total organ (% ID/TO). Preliminary experiments showed that the phagocytic uptake of the liver reached its maximum at 1 h, whereas spleen uptake was maximal at 15 min (Fig. 2) . 51 Cr levels remained constant for 24 h in the spleen but decreased in the liver by approximately 25% between 1 and 6 h, although between 6 and 24 h no further decrease was recorded.
125 I levels were similar to 51 Cr levels in both liver and spleen at 1 h after injection but thereafter decreased rapidly in both organs. At 6 h after injection, 50% of the 125 I but only 10% of the 51 Cr was found in the urine (data not shown). 51 Cr levels in the kidneys increased to almost 9% and were still at 7% 18 h later.
125 I levels in the kidneys were maximal at 1 h after injection (3.5%) and decreased thereafter such that at 24 h no 125 I was detectable. At 1 and 6 h after injection almost no radioactivity was associated with the intravascular RBC (1 h, 3.4%; 6 h, 0.5%).
Phagocytic uptake and catabolism of the SRBC did not change significantly over time, either for groups given a sham operation or for groups resuscitated with shed blood (Table 2 ). Significant increases in phagocytic liver uptake were found at 48 h in the animals resuscitated with either HES or Haemaccel (i.e., 51 Cr levels in the liver at 48 h were significantly higher in HES-and Haemaccel-resuscitated animals than in the shamoperation group or the shed-blood-resuscitated group). The increase in phagocytic liver uptake was accompanied by a slight increase in catabolic activity (i.e., the decrease in 125 I between T 1 and T 2 was significantly greater in animals resuscitated with Haemaccel than in sham-operation or shed-blood-resuscitated animals). Spleen uptake was normal in HES-resuscitated ani- 51 Cr levels in animals resuscitated with Haemaccel showed a small but significant decrease compared to the levels found when SRBC were injected at 1 h after hemorrhage and resuscitation with Haemaccel.
In the mice resuscitated with asanguineous fluids there was Significantly greater than the corresponding value at 1 h and also significantly greater than the corresponding sham-operation and shed-blood group values at 48 h. c Significantly smaller than the corresponding value at 1 h and also significantly smaller than the corresponding values for other groups at 48 h. d The difference between this level and the T 1 level is significantly greater than the difference between the 1-h T 1 and T 2 levels and is also significantly greater than the corresponding 48-h differences for the sham-operation and shed-blood groups. a significant increase in spleen weight at 48 h compared to that at 1 h (Haemaccel: 110%; HES: 120%). No significant increase in spleen weight was seen in sham-operation or blood-resuscitated animals. Liver wet weight did not change over time or between groups.
Survival rates after bacterial injection at both 1 and 48 h for the sham-operation and shed-blood-resuscitated groups were similar (64 to 80%) (Fig. 3) . However, animals resuscitated with HES and Haemaccel showed significantly lower survival rates (0% and 10%, respectively) when challenged at 1 h after hemorrhage, a difference not seen if the bacterial challenge was delayed until 48 h after hemorrhage and resuscitation (Fig.  3) .
DISCUSSION
The present studies confirm that resuscitation with colloids after hemorrhage can increase the phagocytic activity of the RES (53) and show that these changes are accompanied by an increase in catabolic activity. However, the ability to withstand challenge with E. coli was significantly impaired in animals resuscitated with Haemaccel and HES at 1 h, but not at 48 h, after hemorrhage.
The most frequently used method for determining the in vivo activity of the RES is to monitor the disappearance from the bloodstream of an intravenously injected antigen. Studies by Biozzi et al. (6) showed that bacteria labelled with either 51 Cr or 131 I are quickly taken up by the cells of the RES; however, it was noted that 51 Cr remained within the cells much longer than 131 I. It has been shown that once iodinated antigens have been taken up they are broken down into lowmolecular-weight metabolites (9) , suggesting that the disappearance of radioactive iodine from the RES cells could be used as an index of catabolic activity (6, 25) . The explanation for the initial release of 51 Cr from the liver is unclear, although it might be related to the binding of up to 20% of the 51 Cr to a small protein fraction in the RBC as well as to hemoglobin (1, 47) and selective digestion and excretion by the RES cells. In contrast to the situation in the liver the 51 Cr levels in the spleen did not show an early decline, suggesting that the two organs handle injected antigens in different ways.
The RES plays an important role in the development after trauma of bacteraemia, sepsis, and multiple organ failure (36) . Thus, it has been shown that depression of RES phagocytic function increases susceptibility to infection (37) whereas RES stimulation increases resistance to infection (54, 62) .
The effects of trauma on in vivo RES function have been studied extensively in animal models. For example, it has been shown that insults as diverse as hemorrhage (2, 3, 63) , NobleCollip drum trauma (22) , burns (44) , limb ischemia (48), and surgery (38) decrease phagocytic clearance rate. Studies by Kaplan and Saba have shown that the phagocytic clearance rate is depressed soon after nonlethal trauma, returning to normal after 6 to 24 h, whereafter stimulated phagocytosis occurs (22, 36) . The degree of initial phagocytic depression is dependent upon the severity of the injury (3). However, as trauma in the small laboratory animal is accompanied by an inhibition of thermoregulation and a fall in body temperature (50) , it is important to exclude any such effects before attributing a change in RES function to trauma per se. Indeed, our earlier experiments using the model described in the present paper showed that there was no early depression in the phagocytic rate provided that normothermia was maintained (52); thus, in the current experiments care was taken to ensure that all animals were kept normothermic.
Phagocytic uptake and catabolic activity do not necessarily change in parallel. For example, Haglind et al. (20) showed that early after intestinal ischemia-reperfusion injuries in rats, hepatic phagocytic uptake was normal but hepatic catabolic activity was significantly decreased. Kondo et al. (26) showed that hepatic uptake was depressed immediately after hemorrhage followed by resuscitation with shed blood and remained depressed at 6 h but had normalized at 24 h. In contrast, although catabolic activity was also significantly decreased at 6 h, it was markedly stimulated at 24 h. Also, Schildt et al. (42) found that phagocytic activity in patients 2 to 4 days after injury was not significantly different from that in control subjects; however, there was a significant reduction in catabolic activity. In a subsequent study of patients undergoing cardiopulmonary bypass, both RES phagocytic and catabolic activities were slightly, but not significantly, decreased immediately and 6 days after surgery (40) . Similarly, a study by Lahnborg et al. (27) showed no significant difference in either phagocytic or catabolic activity in patients before and shortly after surgery. A more recent study by Regel et al. (35) showed that the clearance rate was depressed on the first day after trauma, with a return to normal over the next 4 days. By contrast, a stimulation in clearance rate has been found at 24 to 48 h in patients after surgical trauma (61) . Thus, there is no consensus about the effects of injury on either phagocytic or catabolic activity, and the situation is no less confused when the added influence of resuscitation fluids is taken into account.
Most studies on the effects of colloidal resuscitation fluids, such as HES and Haemaccel, on RES function have focused on phagocytic clearance rate in normovolemic animals and cannot, therefore, be directly compared to the present study. Schildt et al. (41) showed that the clearance rate of 51 Cr-rabbit RBC was significantly depressed at 3 h after infusion of HES in mice (20 ml/kg of body weight) compared to that of control animals infused with plasma. For animals receiving the same volume of Haemaccel a depression at 1 h after infusion was noted. At 6 h the phagocytic clearance rate had returned to normal in both groups. When HES-or Haemaccel-infused animals were challenged with endotoxin at 1 or 3 h after colloid infusion, mortality was significantly increased compared to that of noninfused animals. Lemperle (29) found that the infusion of 0.5 ml of Haemaccel led to a transient reduction in the clearance rate of carbon particles, with a return to normal at 24 h. White et al. (60) showed that HES infusion (20 to 40 ml/kg) in mice had no effect on the clearance of SRBC over 7 days compared to saline infusion. Infusion of a larger dose of HES (80 ml/kg) depressed the clearance rate and liver uptake at 3 and 6 h after infusion. Recovery occurred at 24 h, and an increased liver uptake was found at 3 days. Oelschlager et al. (32) showed that the phagocytic clearance rate of carbon particles in rats at 2 h after hemorrhage and HES infusion (8 ml/kg) was not significantly different from that after hemorrhage and Ringer's lactate infusion (16 ml/kg) or no infusion. However, the distribution of particles at 4 h showed lower levels in the livers and spleens of HES-infused animals than in those of animals receiving Ringer's lactate or no infusion. Shatney and Chaudry (45) showed that neither the intravascular clearance rate nor the organ distribution of a gelatinized 131 I-test lipid emulsion was affected at 24 or 48 h after infusion of HES (60 ml/kg) in rats. Similarly HES infusion 2 days prior to a septic challenge (cecal ligation and puncture) did not affect survival. Lawrence and Schell (28) infused HES (16 ml/kg) into mice together with live bacteria; no difference in survival between HES-and saline-treated animals was seen. In a clinical study Lenz et al. (30) infused HES (10 ml/kg) into volunteers and found that the phagocytic clearance rate of a gelatinized lipid emulsion was increased by 30 to 40% immediately after infusion and was still above normal 5 h later.
In a rat model of hemorrhage and resuscitation no significant depression in the phagocytic clearance rate of carbon particles was seen in HES-resuscitated animals compared to those receiving Ringer's lactate or untreated controls (32) . Hemorrhage and resuscitation with either HES or Ringer's lactate increased mortality after cecal ligation and puncture by similar amounts. Croce et al. (12) used a similar model of hemorrhage and resuscitation and found no significant differences in bacterial numbers in blood, liver, or spleen cultures after an intravenous challenge with live bacteria.
We have recently studied the effects of resuscitation with either shed blood, HES, or Haemaccel on the clearance rate of intravenously injected 51 Cr-SRBC in the mouse (53) . Provided normothermia was maintained, no early depression was seen with any of the fluids, but an increased clearance rate and liver uptake were noticed in animals resuscitated with Haemaccel at 48 and 72 h after hemorrhage. The increase in liver uptake was accompanied by a reduction in spleen uptake (confirmed in the present study). This is likely to be related to competition for the SRBC between the liver and spleen (57) . In the present study we labelled the 51 Cr-SRBC with 125 I to determine the effects of colloidal resuscitation fluids on catabolic activity as well as on phagocytic uptake. In addition we determined whether these resuscitation fluids affected the resistance to the intraperitoneal injection of live E. coli O18:K1 (18, 54) . It could be argued that the E. coli should be given as an intravenous injection to challenge directly the main organs of the RES. However, such a challenge is not closely related to the clinical situation and so, on balance, it was decided that intraperitoneal challenge was more relevant (14, 15) .
Hemorrhage plus resuscitation with any of the fluids had no effect on the catabolic activity of either the liver or the spleen at 1 h. Also sham-operation animals and those resuscitated with shed blood showed no change in catabolic activity at 48 h compared to the activity at 1 h. However, the catabolic activity of the liver at 48 h was significantly increased in animals resuscitated with Haemaccel compared to that in sham-operation or shed-blood-resuscitated animals. These findings contradict the fears that HES and Haemaccel compromise the RES system.
At 48 h an approximately 100% increase in spleen wet weight was seen in animals resuscitated with asanguineous fluids, probably reflecting the involvement of the spleen in erythropoiesis (8) . Whether the erythropoietic response, regulated by erythropoietin, certain cytokines, and growth factors (19) , plays a role in the increased hepatic uptake in this model of hemorrhagic shock remains to be determined.
Although hemorrhage and resuscitation did not impair either the uptake or catabolism of SRBCs, resuscitation with either HES or Haemacel did impair the ability to withstand an intraperitoneal challenge with E. coli at 1 h after hemorrhage. While macrophages of the liver and spleen did not show any depression in phagocytic activity, resuscitation with HES or Haemaccel might have left the peritoneal macrophages in a compromised state allowing the bacteria to spread and overwhelm host defences. It has further been reported that decreased migration by macrophages into the peritoneal cavity in response to inflammatory stimuli could increase susceptibility to infection (58, 59) . It is not known whether HES or Haemaccel affects the ability of macrophages to migrate to the site of infection.
It has been shown in animal models, as well as in clinical studies, that infection leads to a stimulation of the RES (4, 5, 7, 56) . The RES clearance function has been show to increase after intravenous bolus injection of E. coli endotoxin (34) , but it has also been shown that intravenous and intraperitoneal injection of bacteria depresses the RES (23). It is not known whether asanguineous fluid resuscitation leads to a modification of the RES response to a bacterial challenge in our model; however, it is clear both from this and our previous studies (53) that the phagocytic rate and uptake by the main organs of the RES are not affected early after hemorrhage and resuscitation by asanguineous fluids.
Even when animals were resuscitated with HES plus RBC mortality remained high (data not shown), indicating that a low hematocrit was not responsible for the decreased resistance to infection. The dilution of plasma factors by the asanguineous fluids and/or an inadequate response by macrophages and leukocytes, i.e., inadequate production of various cytokines and prostaglandins, to a bacterial challenge after asanguineous resuscitation could also have led to the decreased resistance to infection.
At 48 h after hemorrhage the animals resuscitated with HES or Haemaccel had recovered from their increased susceptibility to infection. This recovery coincided with the increase in liver RES activity. Activation of the macrophage phagocytic activity by lipopolysaccharide or glucan has been shown to be protective in mice against a subsequent challenge with E. coli (55, 62) . Previous studies of animals with stimulated RES function have shown that the number of Kupffer cells in the liver is increased due to proliferation and that the size of Kupffer cells is increased (17, 21, 24) . A similar mechanism could have led to the increased phagocytic uptake in livers of asanguineously resuscitated animals.
These findings indicate that fluids such as HES and Haemaccel do not depress the phagocytic and catabolic activities of the liver and spleen but that they do affect the host defense mechanism early after trauma, leading to an increased susceptibility to sepsis. The exact mechanism by which HES and Haemaccel exert these deleterious effects requires further investigation.
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